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SUMMARY

This report covers the first year of a two year project dealing with the
development of an OBOGS computer model to aid in design and specification of
these oxygen generation systems for the Army’s in-flight, medivac, and field
hospital use. A model which predicts the performance of a two bed system for
02 - N2 separation has been delivered and installed on the U.S. Army
Aeromedical Research Laboratory (USAARL) VAX computer. A model to predict the

propagation of contaminants in these beds is currently under development.
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STATEMENT OF PROBLEM

~
The ultimate goal of this research is to insure proper design of molecular

sieve oxygen generation systems for the U.S. Army’s in-flight, medivac, and

tield hospital use. Specifically the research involves further development of
an 0BOGS model to include the effects of contaminants in the feed air. This
OBOGS model can be used to optimize and design OBOGS systemes with respect to

system parameters such as cycle time and bed and valve dimensions.
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BACKGROUND

The elimination of the need for liquid oxygen storage for in-flight and
portable ground use by means of oxygen generation equipment is an especially
attractive goal to the ailitary. Such an accomsplishment would not only
increase safety, but would relieve the logistice requirements of LOX supply
which 18 costly and can restrict mission durations. Although other means are
available, the molecular sieve method of generating enriched oxygen breathing
gas is the most feasible for in-flight usage. The molecular sieve system
weighs little, and has the potential of high reliability.

A molecular sieve system utilizes the process of physical adsorption to
separate air into its components. Although a detailed discussion of adsorptive
phenomena {8 beyond the scope of this report, a dbrief overview of the process

is in order.

Adsorption 1is the process by which particular types of molecules contained
in a 1liquid or gas are selectively collected onto a solid surface. The term
"adsorbent” refers to the collecting material while the “adsorbate” s that
material which 1is collected. In physical adsorption (as opposed to chemical
adsorption), Vander Waal’s forces create the bonds between adsorbent and
adsorbate; thus, the interaction is weak. The solid adsorbent is typically a
highly porous, granular material with interior pores of diameters on the order
of .4nm, and with the total pore volume approaching S50% of that of the whole
particle. Clearly, abundant internal storage space is available in the sieve

material.

Adsorptive separation is the process by which the molecular sieve system
would separate air into its components and thereby produce an enriched oxygen

product gas.

To maintain continuous operatfon from an adsorption plant, molecular sieve
beds must be periodically "regenerated” by a period of desorption in which the

aisorbate is removed from the sieve material. There are several ways in which



desorption may be accomplished. "Thermal Swing”™ involves heating the bed to a

temperature at which the adsorptive capacity of the bed material is so low that
the adsorbate must leave the molecular sieve internal surfaces. "Pressure
swing” creates the same effect by reducing the adsorptive capacity at
esgentially constant temperature. “Inert purge stripping® removes the
adsorbate at constant temperature and pressure by the passage of fluid
containing no adeorbate molecules, in which the adsorbate is soluble.
"Displacement desgorption” occurs when a fluid containing a high concentration
of a more strongly adsorbed molecule is passed through the bed. The pressure

swing adsorptive cycle, PSA, is of primary concern in this work.

Two important technological developments of recent decades have created the
pogsibility of in-flight and portable air separation systems. Firstly, the
domestic development and production of eynthetic zeolites, a molecular sieve
material, affordes the availability of reproducible adsorbents. Secondly, the
inception and development of the pressure swing adsorption cycle (PSA) has been

found to yield a satisfactory production system.

The PSA process usually employs two or more molecular sieve beds and cycles
them in a manner such that a continuous flow of enriched oxygen product gas is
attained. Sufficient gas 1is produced to meet demand and to regenerate
exhausted beds via pressure swing method. By use of an appropriate zeolite,
oxygen or nitrogen (for fuel tank inerting) can be concentrated to almost any
value up to 95% for 02and 99.8% for N2. The product gas can be delivered
at normal room temperature and at some nominal pressure as desired. The

process cost is basically the cost of air compression for the feed gas.

Traditionally, PSA systems have found applications in industry and have
been very large systems which were relatively insensitive to the various rate
phenomena of the adsorption process. In the development of a scaled—down
system for portable applications, knowledge of transient behavior becomes
exceedingly important due to the vastly increased sensitivity of system output
to rate phenomena and the requirements of minimal eize and weight.
Additinnally, the effects of potentially harmful contaminants and chemical

agents which might be encountered during usage must be better understood.
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CONTAMINANT MODEL

As a first step in the modeling of an OBOGS system, an experimentally
veritied model of a single bed system containing a zeolite molecular sieve with
contaminants in the inlet air 1is being developed. A model that has been
previously developed for two component 02 - N2 gas mixtures is described in
appendix A. Preliminary work with 02 - N2 - CO and 02 -N2 -C02
mixtures indicates that a similar wmodel with a third comsponent might be
effective for contaminant studies. USAARL is presently conducting single bed
experiments with contaminants such as (02, CO, C2H¢0 (ethanol), NH3
(ammonia), CsH12 (pentane), CHiBr (methyl bromide), NO2, N204, O3
(ozone), CH4 (methane), CCl2F2 (freon 12), acrolein, oil breakdown
products, and other battlefield products. These experiments are essentially
column breakthrough experiments which will be used to validate the computer

model.

Once the dynamics of a single bed are correctly modeled, an overall system
model for a two bed system with valves and mixing plenum will be developed.
This modeling has been done for 02 - N2 wsixtures. A description {s

contained in appendix B. A similar model is deing developed for contaminant

studies.
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RESULTS_AND C USION

A computer program of the OBOGS model described in appendix B has been
delivered and 1installed on the VAX* computer at USAARL. This program is menu
driven for ease of operator use and has REGIS* graphical output for use with
VT125* or VT240* graphical terminale. The operator has a choice of output of
on-line plotting of oxygen mole fraction or inlet/outlet mass flowrate versus
time or off-line plotting of a dynamic simulation of OBOGS for one cycle. The
operator can also select and change a variety of geometric and material
parameters 1in order to aid in design studies. Sample inputs and outputs of the

program are given in appendix C.

A preliminary 3 component OBOGS has been developed for contaminant
studies. Before any further development on this program can continue the
results of the experimental single bed data generated by USAARL is necessary.
As soon as this data is available, it will be incorporated into a single bed

model. Then a two bed OBOGS system model will be developed and experimentally

verified.
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APPENDIX A

single Bed Model Technical Description
Ihis article is reprinted from the TRANSACTIONS OF THE ASME, JOURNAL OF
DYNAMIC SYSTEMS, MEASUREMENT, AND CONTROL. The authors are J.J. Beaman,
A.J. Healey, and J. Werlin, Dec. 1983

J. J. Beaman
Assistant Professor.

A. J. Healey:

Protessor of Mechanicai Engineering.

J. Werlin?
Graduate Research Assistant.
The Umiversity of Texas

at Austin.
Austin, Texas 78712

A Dynamic Model of a Molecular
Sieve Bed With Nonlinear and
Coupled Isotherms’

A mathematical model of the O,-N, separation process in a molecular sieve bed was
developed and experimentally verified. Oxygen and nitrogen breakthrough ex-
periments were performed on a single bed packed with molecular sieve SA. In these
experiments, the bed had initially adsorbed either pure oxygen or nitrogen and then
a constant inlet flow of nitrogen or oxygen was switched on the bed. The outlet
oxygen mole fraction and mass flowrate were then recorded. This was done at
several pressures and flowrates. The model predictions agreed with the ex-
perimental data when a linear oxygen isotherm and a nonlinear Langmuir isotherm
Jfor nitrogen were used and when these were coupled. The numerical scheme
presented in this study to solve the system equations makes efficient use of com-

putation time.

1 Introduction

The elimination of the need for liquid oxygen for crew
breathing requirements in aircraft is an especially attractive
goal. A means of accomplishing this goal is now available
through the use of a molecular sieve, OBOGS (On-Board
Oxvgen Generation System). Molecular sieves are in
widespread use industrially [1], but the special problems
assoviated with an OBOGS have led to the need for a reliable
computer-based simulation tool that would model the
retatively rapid transient response of such systems.

One promising system uses a synthetic zeolite to adsorb
nitrogen from engine bleed air, thereby producing oxygen
enriched breathing gas. This system uses a ‘‘pressure swing’’
adsorption cycle [2] in order to achieve gas separation. [n this
cvcle, nitrogen is adsorbed from engine bleed air at high
pressurc (producing oxvgen enrichment) and then desorbed
and exhausted to the armosphere at low pressure in order to
replenish the sieve material. While large scale industrial
systems are in commercial use, size and weight optimized
umits for airborne applications are still in the development
stage.

In order 10 better understand the operation and scaling laws
of the OBOGS. a computer model of this system has been
developed. As a first step in this development, a model of a
single molecular sieve bed with identified parameters is
needed. This paper addresses the formulation and verification
of such a model for predicting the transient response of gas

' Thix work supported by Brooks Air Force Base. Aerospace Medicine, Crew
Teyhnaiogs

; Presentls with Brown & Root. Inc., Houston, Texas.

Preventiv with Kodak

¢ ontritgted by the Dyvnamic Ssstems and Control Division and presented at
‘he Woner Anaual Meeting, Washington, D C |, November 14-19, 1981 of THe
AMERIE AN NnETY OF MEcHaNICAL ENGINFERS Manuscnipt received by the
O-oam o soer and Contror Division, February 31982
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10

flow rate and gas concentration at the bed outlet to sudden
changes in gas composition at the bed inlet.

Previous work in this area has treated the diffusion process
to be instantaneous (3, 4] or has considered one component at
the trace level [5]. This work considers a complete *‘washout’’
of one gas type using another. In other words, mole fractions
at the inlet undergo step changes from 0 to { and vice versa,
while the bed back-pressure and inlet flows are essenually
constant.

Il Theoretical Model

Figure 1 shows a schematic of the experimental single bed
which was used to validate the molecular sieve bed model.
where component A4 is oxygen, B is nitrogen, x is oxygen mole
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Fig. 1 Single molecular sieve bed
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aevered v 25 dem x 14.0¢em x 14.5 cm. loaded with 3 8 kg > 7
ot L:nde $A sorbent screened through a 20 1o 40 mesnesin. R e ® .
This corresponds to zeolite particles 340 10 833 microns in S T,
diameter. The void fraction of the bed is approximately ¢ = P e U E} T e
0.16. \ll experiments were run ail room temperature of 25°C. *O— - ) = ,

On the supply side of the bed were cylinders of pressurized akiany
O. and N.. inflow was regulated by siandard reducing valves ® " oen

and o variable orifice needle valves, each of which con-
trolied the flowrate out of one cylinder only. A three-way tap
valve was used to produce the step change in gas composition.
Pressure transducers were located at the bed inlet and outlet.
These transducers were located at the bed inlet and outlet.
These iransducers served as a check on the isobaric assump-
ton. The amount of pressure drop across the bed was on the
order of } percent of inlet pressure. A mass flowmeter was
located 1ust bevond the bed outlet to measure outflow. Outlet
0. mole fracnon was measured with a respiratory mass
spectirometer. Experimenial data were taken for various
flowrates at four different outlet pressures: 2 atm, | atm, 2
atm, and 3 atm. A hypobaric chamber was employed for the
i atm test, while a hyperbaric chamber served as the plenum
chamber for the 2 and 3 atm tests. For more information on
the tests see Werlin [17].

Figure 3 shows the general nature of the oxygen and
nitrogen ‘‘breakihrough’ experiments where the symbols
refer to experimental data. From 0 to 16 seconds an oxyger
breakthrough 1s shown. As seen in this figure, the outlet mass
flowrate rises to approximately twice the inlet flowrate and
slowly trails off 1o its equilibrium value. The outlet mole
fraction concentratuion starts at pure nitrogen and rises slowly
10 pure oxvgen. At 16 seconds, the inlet flow is suddenly
switched 10 pure mitrogen. As this point the outlet flow drops
almost immediately, is constant for a while, and, finally it

LRl . »
- - W S er R e
‘uu ]
wecraceices [

Fig-2 Exponmentsi spparstus

PR
.

[] « oxyger mole froct or
e outist/iniet mase ¢ ou

rises back to its equilibrium value as the concentration e s= u= "f"ti"@"' fs se
“‘tront’’ propagates through the bed. The concentration time

profile 1s much sharper than the oxygen breakthrough case,

and at approximately 24 seconds the oxygen has been com- INLET FLOW C(GM/SEC)= 4 28
pletelv washed out. PRESSURE (MPA)>= 0507

This general behavior can be explained by the fact that SA KA = 168
sorbent has a larger affinity for nitrogen than oxygen, so, KB = .859
when oxygen is washed out, more nitrogen is adsorbed than d = 90.
oxygen 15 given up. Therefore, the flowrate will be reduced  Fig. 3 ' Atmosphers breskthrough date and simuiation - linesr
ahead of the concentration front. The concentration front fsotherms
remains sharp due to the fact that the velocity ahead of the where
frontis iower than that behind it. .

For oxvgen breakthrough, the effect is reversed. In this w = W/ug, ug = inlet convective velocity, { = 832/u,,
case, more nitrogen is desorbed than oxygen is adsorbed. n = n/n, n, = initial adsorbed phase concentration,
There 15 2 higher Nowrate ahead of the front, and oxygenand T4 = Ma/f, 7 = (K,d, x = C4/C, g=v C, and
nitrogen will tend to be convected away from this region, 84=74/C.

leading 1o a broader concentration front.

The single component isotherms of (18) and (19) can be ex-
pressed as

IV ldentification of Model Parameters and Com- g% = n% (28a)
parison With Experimental Data £ = (1-pwm}/(l-and) (28b)

Effect of Model Parameters. A quantitative assessment of
the eftect of the model parameters on the characteristic
fiowrate and mole fraction ime plots can be made by writing
t5) through (8)1n nondimensional form as

where u = | - Ky/K, and a = ny/b. The ideal adsorption
method is then used to couple these isotherms. For a nitrogen
breakthrough, the initial and boundary conditions become

«X0,7) = |
dw = x0,7) = 0
3? +l=g (24) W0 = |
.80 = 1
Hwix) cxzg, (29) Equations (24) through (28) with these conditions can then
ar be solved numerically, as discussed previously, for values of
9 the two parameters u and a. These simulations indicate that ‘
m o, 2= (26) the nondimensional distance down the bed s related 1o ,
ar nondimensional travel time by ' -
e o f=(1-usakrg-0.70) (29) | -
ar 47 D where 759 is the nondimensional ume for the outlet oxygen
11 +
268/ Vol 105 DECEMBER 1983 Transactions of the ASME N
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SINGLE BED MODEL TECHNICAL DESCRIPTION

APPENDIX A

Table 1 Nitrogen breakthrough experimentat results
P L& Wy fso
Bed pressure  Inlet flowrate  Mass flow droop  time to S0%

MP, 8's Wenin/ Wo s
0.0507 3 0.4] 9.40
0.0507 4.28 0.43 7.35
0.100 4.28 0.50 10.7
0.100 8.40 0.52 5.80
0.204 6.53 0.63 15.0
0.203 8.46 0.65 12.2
0.303 6.42 0.70 19.5
0303 8.56 0.72 14.9

mole fraction to drop to 0.5 or 50 percent. This linear relation
arises due to the fact that the outlet velocity drops to a value

wy=l-p+aford<pu—-a<l, (30)

where w, is the droop velocity as determined by simulation
and seen in Fig. 3 for t > 16 seconds. This velocity remains
relatively constant for a time determined by the iength of the
bed. (The 0.70 in the (30) above comes from an intrinsic
exponential time constant in the process, i.e., e- 7 = 50
percent.) For a given value of 7y, the length at which the mole
fraction ‘‘front’’ is 50 percent would be approximately: length
= droop velocity x time to 50 percent which is the in-
terpretation of equation (29).

Identification of Model Parameters. The values of K ,,
Ky, b, and d can be effectively found by using breakthrough
data and the results of the preceding section. The steps to
obtain these parameters from a nitrogen breakthrough are:

(1) Obuain values of u — a from flowrate droop data, i.e.,
g - a =1 - wy for at least two different bed
pressures. This allows calculation of g and a.

12) Use (29) 10 obtain a value of K, from the time for S0
percent breakthrough. The value of d is superfluous to
the calculation since 8 = d(1 ~ ¢)/¢ and 75 > > 0.70
for the system under study. Using these two relations,
(29) yields

Ky=L(1 =€)/up(l — u+ adety

(3) Use Ky = (1 — u)K, tocalculate K.
(4) From dimensional analysis, one sees that x is a function
of fand r and therefore

This implies that the slope or tangent of x(L, ¢) is
directly proportional to d. This fact can then be used to
adjust d to match the mole fraction slope.

This resulting identification procedure can be checked by
comparning oxygen breakthrough data and additional nitrogen
breakthrough data to simulation predictions.

In Table 1, the experimental results of nitrogen
breakthrough experiments of !4, 1, 2, and 3 aimospheres are
presented. Since more than the minimum two different
pressures are available (theoretically all droop data should be
identical at the same pressure), a least squares fit of all the
droop data was used to find values of u and a. Note w, =
WM., M, where M, = 28 for nitrogen and My, = 32
for oxygen. A valye of K 4 is then found from step 2 as

K4 =L(| ‘()ﬂoA'/WQ(l - ﬂ*d)‘w

where g, 1s the bed inlet gas density. From step 3, K, = (] -
WK, Using slope adjustment as indicated in step 4, the mass
transfer coefficient d was set at a value of 90s ' at 172 atm
and W, - 428 gm/s. This value is adjusted for pressure and
flow rate by using a correlation due to Lightfoot [18] which
indicates that d1s proportional to W *°/P where W is mass
flowrate and P 1s pressure. In any case, the value of d did not
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Fig.5 Oxygen isotherm

have a large effect on the characteristic response. The result of
this identification procedure gave the following parameter
identification:

K, = 0.153 oxq = 0.0185
K' = 0.0506 Orpg = 0.00611
b = 2.5 a, = 031
The o's are the predicted standard dewiations of the

parameters.

As a validation of this procedure for identifving isotherm
parameters a comparison with published isotherms and
correlations is shown in Figs. 4 and $. Plotted in Fig. 4 are the
nitrogen isotherm data of Peterson [19], the correlation of
Ruthven {10] based on a statistical thermodynamics model,
and the Langmuir isotherm identified in this work. in Fig. S,
the oxygen isotherm data of Wright {20}, the correlation of
Ruthven (10}, and the linear isotherm identified in this work
are presented. The match between the nitrogen data and the
model isotherm is excellent. The difference in the two sets of
oxygen data in Fig. § is probably due to the relatively small
amount of oxygen absorbed on zeolite SA, which requires a
very accurate gravimetric measurement. The model identified
isotherm bisects both sets of given oxygen data.

Comparison of Simulation and Experiment.
Comparisons of the model, using the identified parameters,
with the experimental data are shown in Fig. 3 and in Figs. 6
through 10. Shown in Fig. 3 are the data and simulation for
bed pressure at 4 atm for both oxygen and nitrogen with
linear isotherms. As can be seen here for low pressure, a linear
isotherm is adequate for predicting the time responses The
same values of K, and K, were then used for the 3 at
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oxygen moie fraction
e outlet/iniet moss flow

INLET FLOW C(GM/SEC)= 8.S8
PRESSURE C(MPA>= 3034

KA = 168

KB = .858

d = 21.1

Fig. 8 3 Atmosphere breakthrough data and simuistion - linear
isotherms

¢ oxygen mole fraction
4 outlet/Inlet mons flow

So W D
[¢ 15

8
S > .0

.0 0. _B.w
TIE

INLET FLOW (GM/SEC)= 4 .28
PRESSURE (MPA)= . 0S87

KA = 153

KB = .0588

b = 2.59

d = 98

Fig. 7 '+ Atmosphere breakthrough data and simulstion - nonlinear
coupled isotherms

mosphere data. with the results of this simulation shown in
Fig. 6 As can be seen, the match with experimental data is
very poor Thisindicates nonlinear isotherms are necessary.

Comparnsons of the model using the nonhinear nitrogen
1votherm with the experimental data are presented in Figs. 7
through 10., As seen in these figures, the data maich has been
greatly improved over the linear parameter model.
Discrepancies between model and experiment can be at-
inbuted 10 experimental error and inaccurately assumed
isotherms. The data indicate that 2 nonlinear oxygen isotherm
may be appropnate, but this improvement 15 left for future
work.

¥ Conclusions
A dvnamic model of the O, - N, 1sobanic breakthrough
270/ Vol 105 DECEMBER 1983
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o oxygen mole fraction
¢ outlet/iniet moss fiow

INLET FLOW (GM/SEC)>= 8. 48

PRESSURE (MPA)= 1004
KA = {83
KB = 9506
b =258
d = 83.2
Fig. § 1 Atmosphere breakthrough data and simuistion - nonlineer
coupled isotherms
]
o ¢ oxygen mole fraction
¢+ outlet/iniet mass flow
!
&
]
L2
>
] * ®q
- 0 B8 NS 60 H66 68 »Be
T (o)

INLET FLOW (GM/SEC)>= 6.53

PRESSURE (MPA)= 2041

KA = {53

K8 = @508

b =259

d = 275
Fig. § 2 Atmosphere breskithrough data and simuiation - noniiness
coupled isotherms

process in a molecular sieve bed was developed and vahdated
experimentally. This mode! includes nonlinear and coupled
isotherms. The proposed model accurately predicts the outlet
mole fraction and outlet mass flow. In addition, 1sotherms for
oxygen and nitrogen were identified which are 1n agreement
with previously obtained isotherms.

This model is presently being used 1n an overall svstem
model for a pressure swing adsorption process 1o generate
oxygen from aircraft engine bleed air
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This article reprinted from the TRANSACTIONS OF THE ASME, JOURNAL OF

DYNAMIC SYSTEMS, MEASUREMENT, AND CONTROL.

The author is J.J. Beaman.

A Dynamic Model of a Pressure
Swing Oxygen Generation System'’

A full system model for oxygen generation from a pressure swing adsorption

J. J. Beaman

Assistant Professor,
The Unversity of Texas at Austin,
Austin, Texas 78712

process is developed. The system under study has two zeolite packed molecular sieve
beds which are cycled with high and low pressure in order to produce oxygen
enriched air. These On-Board Oxygen Generation Systems (OBOGS) are to be used
Jor the generation of aircraft crew breathing requiremenits. These units are much

smaller in scale than present industrial systems and are called on to respond (o
variable demand. These special requirements have led to a reliable computer-based
model to simulate the relatively fast transient performance of OBOGS. Besides the
1wo zeolite beds, the system consists of a rotary valve used to cycle the beds, purge
orifice, and breathing plenum. The compuierized model predictions compare
JSavorably with experiment. The model is presently being used in design and control

synihesis studies.

1 Introduction

As mentioned in {1}, a promising sysiem for generating
breathing oxygen for aircraft crew uses a synthetic zeolite
material to physically adsorb nitrogen from engine bleed air.
One such system is based on a ‘‘pressure swing adsorption
cycle' in which nitrogen is adsorbed at high pressure and then
desorbed at and exhausted 10 low pressure. The total process
produces oxygen enrichment of air in a cyclical fashion. As a
first step in the modeling of such systems. an experimentally
verified model of a single bed system containing a zeolite
molecular sieve bed was developed in (1). The model
developed in |1) provides predictions of the bed’s transient
outlet flowrate and mole fraction for a given inflow and mole
fraction. The model was tested for pressures from 1/2 10 3
atmospheres and inlet mass flowrates of 3.21 gm/s to 8.56
gm:s.

Related work in this area can be found in Turnock and
Kadlec |2} who study the sorption of nitrogen and methane
with pressure swing adsorption. Wright et al. [3) develop a
system model for a thermal swing adsorption cycle for CO,
removal. Chan et al. [4] develop an equilibrium theory for
pressure swing adsorption. Fernandez and Kenney {5) study a
single column pressure swing separation of oxygen and
mitrogen. Chihara and Suzuki |6) develop a nonisothermal
pressure swing adsorption model. Carter {7} studies pressure
swing adsorpuon for air drying.

Molecular sieve zeolite separation processes are in
widespread use industrially, but OBOGS (acronym for On-
Board Oxygen Generation System) units are much smaller in
scale and are calied on to respond to a much more variable
demand as determined by the aircraft crew's breathing
requirements. These special requirements have led to the need
for a reliable computer-based simulation tool that would

"This work supported by Brooks Air Force Base, Acrospace Medicine, Crew
Technotogy

Contnibuted hy the Dvaamic Sysiems and Control Duvision fot publication in
the Jouanas o Dynamic SYSTEMS. Measurement, anp ConTroL. Manuscnpt
recened at ASME Headquaners, February 19, 1988

Journal of Dynamic Systems, Measurement, and Control

model the relatively rapid transient response in OBOGS. This
model will be useful for both design modification and control
development.

2 Description of System

Shown in Fig. 1 is a schematic of a two bed OBOGS
developed by Bendix Corporation for use in military aircraft.
The object of the system model is 10 simulate the transient
oxygen concentration delivered to the pilot given the pilot’s
(time varying) breathing mass flowrate. This is accomplished
by mathematically modeling the rowary valve, purge orifice,
the two zeolite beds, and the breathing plenum, and coupling
these separate models into an overall system model.

The pressure swing adsorption cyclic operation of the beds
can be described as:

1. The inlet of bed 1 is supplied air at supply pressure
through the rotary valve, while bed 2 is being purged to
exhaust pressure through the valve. During this stage
breathing flow is obtained from bed 1.

2. Asthe rotary valve turns, the inlet of bed 1 is switched to
exhaust pressure and the inlet of bed 2 is switched 1o supply
pressure. During an initial transition stage, the pressure in bed
1.P,, is still higher than the pressure in bed 2.P,. In this case,
there is flow out of both sides of bed 1 and into both sides of
bed 2. Breathing flow will come from the higher pressure bed
.

3. As the pressure drops in bed | due to outflow and builds
in bed 2 due 10 inflow, P, will become greater than P,. Thisis
the identical case of (1) above, but with bed 2 the higher
pressure side. The stages 1, 2, and 3 above describe 1/2 of a
production cycle. The other half cycle is symmetric to the first
half cycle.

The components of the system are the zeolite molecular
sieve beds, rotary valve, bypass or purge valve between the
two beds, and the breathing plenum. These components are
modeled as discussed below.

15 JUNE 1985, Voi. 107/ 111
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AOTARY YALVE
- raroasm szeve .
v w ‘ ' a
DY v e
L [ omon
! areut
=" | msoun arve | - i
m e orx va
DowuUsY
A
Fig.1 Schematic ol OBOGS
changes in the free stream concentration, and isobaric beds
(the pressure drop across the beds is small). the
oxygen/nitrogen adsorption in the beds can be modeied as
d(uA
(ud) =A8(y/C-1) a)
A A(yA
_ A) =AB(y,-ylu) 2 !
0z
aon
. — = —d(y- A3
ri -0 )
[ 2
.a a"A .
S 2 = —d(y4~-C “ t
'.,. 2 (Ya 4) ) i
' where ¢
. A =bed cross-sectional area '
- d=overall mass transfer coefficient
* . B=d(1 - ¢)/¢; e=void fraction of gas volume to total '
oo volume .
C=C4 +Cytotal gas phase concentration
Fig.2 Concentric zeolite bed C 4 =oxygen gas phase concentration
’ ¥ =74 + 75 total interfacial concentration
4 =0xygen interfacial concentration
. . . i locity
2.1 Zeolite Bed Model. Concentric beds were used in the u=convective ve .
experimental study and one is depicted in Fig. 2. As discussed ":"; + Ny ‘°‘:lb::s°‘::;d£:;::?;§::"m°n
in {1], if we assume one dimensional flow, negligible axial Ra=0 Cy gen ‘d’vm".ve : o flux
diffusion, diffusion into the zeolite described with a mass »=uC, convective 0xyg
transfer coefficient, convective terms dominate temporal Due to the relatively fast heat transfer, it was observed that
Nomenclature
A = bed cross-sectional area, m?
A, = orifice area, m? z = bed distance, m
A, = inner annulus area, m? 8 = d(l-e¢)e(l/s)
A, = outer annulus area, m? + = interfacial concentration, kgmole/m’® :
C = gas concentration, kgmole/m’ Al = timestep, s
C, = valvedischarge coefficient Az = spacelump, m !
C, = breathing plenum gas concentration, ¢ = void fraction
kgmole/m’ A = denotes property of oxygen
d = toial mass transfer coefficient, 1/s B = denotes property of nitrogen
k = rauo of specific heats BR = denotes breathing property .
L = bedlength, m i = spaceindex )
M = average molecular weight of gas in plenum, J = timeindex I
kg/kgmole L = denotes propertyatz=1L
n = adsorbed phase concentration, kgmole/m’ P = denotes purge orifice property
P,.P,,P,.P, = supply, Bed |, Bed 2, exhaust pressures, 0 = denotes property at 2 =0
(N/m?) 1 = denotes bed 1 property
Q = volume flowrate, m’/s 2 = denotes bed 2 property
I = time,s
u = copvective velocity, m/s Superscripts
W = mass Nowrate, kg/s - = denotes property just before s =L/2
¥ = molecular lux of oxygen, kgmole/m*-s + = denotes property just after 2= L/2
112/ Vol. 107, JUNE 1985 16 Transactions of the ASME
RN A AT AN AN 4
~ e, o Sl AR

AL NN LS YR P e e

‘
"

L}
.

X1 15353

bs

R LRRERENR ' T YYr)



W:nraw-r.w.- son e r e EE RS

- —— ——

—— —— e ———

OBOGS MODEL TECHNICAL DESCRIPTION
APPENDIX B

-a¢ ewperimental beds remained at essentially constant
-emperature during a cycle even though the adsorption
~rovess is not intrinsically isothermal. A more detailed study
o1 the thermal properties of the system is the subject of
cneoing research. In the isothermal case, y, and v,, the
interfacial concentrations of oxygen and nitrogen, respec-
tively, are related to n, and ny, the adsorbed oxygen and
nirogen concentrations, by the equilibrium adsorption
wotherms [8). As discussed in {1], these isotherms can be
evpressed as

Ya=va(nyng) (Sa)
Ya=7vs(n4.np) (5b)

fuf nonlinear coupled isotherms. The pure component
notherms were identified as

7.4=K4".4 (6a)
18 =Kana(1 —ngy/b) 6b)

with K, =0.153 kgmole gas phase/kgmole adsorbed phase,
A4 =0.0506 kgmole gas phase/kgmole adsorbed phase, and

= 2.59 kgmole adsorbed phase. The coupling is predicted by
using an i1deal adsorption method [1).

The diffusion coefficient d was empirically chosen as 200
I »an order 1o best match the data. This value is higher than
the values identified in [1]. This is probably due 1o the high
velocities in the beds during exhaust and initial intake of air.

2.2 Valve Model. The orifices of the rotary valve and
the purge orifice are modeled as standard compressible flow
pneumatic orifices as described in [9). The basic equation for
the flow of a gas through an orifice is of the following form

P,
W=C,Af P,,T,.;-.-) ™

where

B’ = mass flowrate

A 1s orifice area

C, 15 a dimensionless discharge coefficient
I, 15 upstream stagnation temperature

£, 1s upstream stagnation pressure

P ,1s downstream pressure
fisafunctionof P, T,,and P,/P,.

For pressure ratios P,/ P, greater than the choked flow ratio
and less than 1, the funciion f can be expressed as

P

S=C E5 (PP U= (PP 8)
for pressure ranos less than the choked flow ratio,
P
= C' ——.: [
f=C: 5%

where C, and C, are functions of k, the ratio of specific
heats, and the gas constant. These parameters are taken as
constants for this study. For the rotary valve the orifice areas
are cyclic functions of the rotation angle of the valve. The
discharge coefficients were chosen between values of 0.6 and
1. 1n order 10 best match the measured experimental flow.

2.3 The Breathing Plenum. The breathing plenum is
modeled as an 1deal isobaric two stage mixing chamber. The
transler function between inlet mole fraction and outlet mole
{raction can be expressed as:

'—‘—\_,/:‘ - -I-.°-o¢=~o
, gu\_’—‘n. . .:I’: ADn “om

L) L ¥) L]
Fig.3 Conceptusi bond graph ot system

W gp is breathing mass flowrate, C, is the plenum molecular
concentration, Ve is approximately half of the plenum
volume, M is an average molecular weight. In deriving these
equations the following assumptions have been made:

1. The pienum remains at approximately constant pressure
and therefore constant C,. This is not sinctly true as
breathing oxygen is being switched between the beds. but for
our prototype system this assumption is reasonable.

2. The molecular flux into and out of the plenum can be
found approximately from the mass flowrate and an average
molecular weight. This assumption is quite reasonable for
oxygen and nitrogen since their individual molecular weights
do not differ substantially.

3. The mixing volumes for the iwo idealized chambers are
equal and can be found from half the plenum volume pius a
correction for mixing in the piping.

3 Solution Technique

3.1 Causal Considerations. The overall system model
can be depicted by the word bond graph (10] shown in Fig. 3.
Besides the physical interconnections, the graph also indicates
the imporiant causal relationships in the system model. The
causality shown in the graph can be read as:

1. Pressures P, and P, are supplied as inputs 1o the rotary
valve while the valve determines the flowrate Q, from these
two pressures.

2. P, is determined from bed | which has inputs the flow
Qo and the flow Q.

3. Pressures P, and P, are the inputs to the purge valve and
the valve supplies the flowrates Qp and Qp to the svstem.
Qanr: and Qy,. are determined by the breathing flow and bed
pressures in the check valve, plenum system as described 1n the
next section.

4. P, is determined by bed 2 which has inputs the flows Qy,
and Q. _

S. @, is determined by the rotary valve with inputs 1o the
valve of P, and P,.

In addition to these causal statements, the spaual molecular
concentration of the two gases in the beds is determined in the
direction of the flowrate i.e., the concentration must be
determined from upstream conditions. This will be discussed
more thoroughly in the next section.

The causality described above and shown on the graph is
integral causality for the beds if they are treated as capaciive
fields [11) or mass storage devices. Using other causal
arrangements is possible but will result in complicated and
computationally time consuming iteration.

3.2 Solution Algorithm. Given input supply pressures
P, and P,, breathing flow W,,, and initial adsorbed phase
concentrauons 7(2,0) and n, (2,0)1n the two beds, the sysiem
equations can be solved as a boundary value probiem in \pace
and a marching problem in ume. The solunion technique
consists of :

() Given n(2,0) and n,(2.0), the interfacial gas phase
concentrauons y(2.0) and vy, {2,0) can be calculated from the

‘e

T YWY, W 4 & Sy

Xo o (9) cquilibrium isotherms (5). Equation (1) can then be integrated :

x, (rs+1)? along the entire length of each bed as .

where (Q, ~Q,+A3L/2+A,3L 2C |
C,, V,gM M ~d .

rE - = A, : 2. 0 ‘

Woe Aodjo 7d~+A,J‘\‘ v 10 |
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Fig. 4 Oxygen mole lraction varsus time (10 (litUmin) bresthing flow)

Simuletion
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meE e

Fig. S Oxygen mole fraction versus time (30 (it/min) breathing Row)

For bed 1, Q, = Qo (P,.P,) where P, is proportional to C,,
the gas phase concentration in bed 1, for isothermal beds and
assurming a perfect gas, and Q, =Q, (P,. P;) -~ Qaa: Where
P. s proporuonal to C,, the gas concentration in bed 2 and
Qsx accounts for the volume flow out of bed 1 due 10 crew
breathing. For product flow out of bed |, Qua, is propor-
uonal 1o Wy, for an isobaric and isothermal phenum. For
bed2. O =QutP,. P} - Qaay and Q, = Q,,(P.Py)
where Quy: accounts for breathing flow out of bed 2. Note
that either Qe o1 Qpay will be zero depending on which bed
had the lower pressure. Equation (10) written out for both
beds represents iwo coupled nonlinear algebraic equations for
the two unknowns C, and C,. These equations can be solved
by an iteration procedure consisting of (1) assuming con-
centration C, and solving the resultant single nonlinear
algebraic equation for C, using a modified false position
algorihm, (2) using this value of C, to calculate a new value
of C., (3) iterate unti) the solution procedure converges.
Convergence of this procedure requires on the order of three
to four ueranons. The integrations invoived in (10) are
performed numerically by a trapezoidal rule, and are only
done once per ime step. This iteration procedure amounts 10
a solution of the boundary value problem in the system.

@) Spaually integrate equation (1) numerically as

V+ 3y, + Y\ )/2C-3as, (an
where s the index for the space dimension, 2 = 1Az, and Az 1s
the space lump size. This integration 1s done in two steps from

0t {2 and then from L/2 1o L. wnth condinon ui(z*) =
ALt )7z ) at :=L12 10 account for the area

U =u

114/ Vol 107, JUNE 1985
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Fig. &  Oxygen mole fraction versus time (50 (liUmin) bresthing tiow)
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Fig.7 Oxygen mole iraction versus time (T0 (lit/min) bresthing tiow)
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change in the outer annulus and inner cylinder of the bed.
Note that the starting velocity u, = @,/ 4(0) is known from
step ().

(iid) Using the velocity distribution caiculated in (n).
equation (2) is a first order linear ordinary differential
equation in space for fixed ume. Approximate the velocity u
and the interfacial concentration vy, over a space lump as

u=ro+r2
(1-Nar<z<iaz
YaZr+02
where
ro=u, . ry=u -u _)/A2

Fi=Ya_ 1 Ny =(YA =y, VA2

Using these approximations, equation (2) can be integrated in
closed form as shown in [l] The direction of the integration
will always be in the direction of the velocity flow. Which, as
described in Section 2, might be (1) flow 1n one side of the bed
and out the other, (2) flow nto both sides of the bed. or ()
flow out of both sides of the bed. In cases (2) and (3). there
will be at least one point in the bed that has zero Now As the
velocity in the bed 1s found as described in (1) above, the point
of zero velocity is stored. For case (1), the integration wil
proceed in the direction of Now; for case (2) the integration
will proceed from the sides of the bed 10 the point of sero
flow; and for case (3) the integration will start at the pont of
zero velocity and proceed out the two sides Although
physically possible, multiple points of zero flow will noy owur
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Fig 8 Oxygen moie iraction versus cycle time (30 (Humin) bresthing
tlow)
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in normal operanon of OBOGS and this case is not included
at present in the computertzed solution.

The ability to solve equation (2) in closed form is an im-
portant numenical result. The oxygen profiles in the beds can
be very steep. and if a completely numerical procedure is
apphed 1o (2), 1t wili require small increments for Az in order
10 be stable and accurate. This will result in very long com-
putation times even on a high speed computer.

(1) Eqguations (3) and (4) are then integrated in time via s
simple Euler method as

n,=n,,_ -d(y,-ONM 02)
Ry ,=h,, |- d(ya, - CadM (13

where /15 the ime index, 7 =4z, and Az is the time step.

(t) The input oxygen mole fracuon x, to the breathing
plenum 1s found from bed | at z=L or bed 2 at z=0
depending on which bed has higher pressure. The mole
fraction from the higher pressure bed is computed as C,/C.
This tnput mole [raction is used with equation (9) and the
breathing flow H 5, to solve for the output mole fraction, Xo.
Equation (9) 1s solved as two coupled ordinary differential
equatsons via a simple Euler method.

(v March in ume by proceeding to step (/) for the new
time level

The ume step and space lumps were chosen by performing
numerical experiments to insure accuracy and stability of the
solution procedure. The model simulation time is ap-
proxuimately twice that of real ume when computed on a CDC
Cyber €0 150.

4 Comparison of Model With Experiment

The prototype experimental system is depicted in Figs. )
and 2 The concentric molecular sieve beds have an inner area
of 36 € ¢m° and an effective outer area of 136. cm?. The
effective flow length of a bed is 39.4 cm. The beds are loaded
with { inde € A sorbent with zeoltite particles of approximately
340 to 833 microns 1n diameter. The void fraction of the beds
l‘\ 'z 03 All experiments were run at room temperature of
2%°C No noticeable vanistion 1n temperature was observed
during the system operation which implies the isothermal
sy»sumption s vahd for the system under study. The fully open
Supply pressure valve has an effective diameter of .78 ¢cm. and
4 discharge coefficient of 0 8 The fully open exhaust pressure
‘aive hay an effective diameter of 1 12 cm and a discharge
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Fig.9 Etfect of reducing active sieve volume

7.

coefficient of 0.8. The purge orifice has a diameter of 0.191
cm and a discharge coefficient of 0.75. The breathing pienum
volume is .0018 m’ an additional volume of .0006 m* 1s added
to this quantity to account for mixing in the connecuions.

In this paper, comparison with of the model is made with
three basic types of experiments: (1) transient startup, (2)
cycle time variation, and (3) change of active volume of
zeolite 1n the beds.

4.1 Transient Startup of OBOGS. Shown 1n Figs. 4
through 7 are the results from the experimental data and the
simulation model for the OBOGS at initially atmospheric
pressure, the rotary valves turned on at time = 0. a supply
pressure of 0.31 Mpa, an exhaust pressure of .10 Mpa, and
cycle time of 10.7 seconds. These data are shown for four
different constant breathing Nowrates of 0.214, 0.642, 1.07,
and 1.50 gm/min (10, 30, 50, and 70 standard liters/min). As
can be seen in these figures, the model does an excellent job of
matching the transient experimental data for the breathing
oxygen mole fraction over the range of breathing flowrates.
The increased ripple in the data and simulauon for increased
flow is due to less 1ime for compiete mixing 1n the plenum as
the breathing flow goes up. The model describes this effect
very well.

These plots indicate a method for controlling the outlet
mole fraction. This is desirable since both high and low
oxygen mole fraction can cause physiological problems (2] to
the aircraft crew. By dumping product gas to artfiaially
increase the breathing flow, the outlet mole fraction can be
lowered if too high. If the mole fraction 1s too low, product
gas dumping can be decreased.

4.2 Effect of Cycle Time Varistion. (n Fig. 8, the ex-
perimental and simulauion results for a variation 1n cycle ume
are shown. As can be seen, the model does a good job of
describing changes in oxygen output with cycle ime vanianon.
The results in this figure also demonstrate a method tor
controlling the outlet oxygen. By simply varying the cveie time
of the process, control of oxygen output is possible. The cvile

JUNE 1985, Vot 107/115
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nme variation can be easily implemented by using a variable
. spegd drive for the rotary valve. This control scheme has the

advantage of not using any extra product gas which might be
« desirable (or the contaminant filtering properties of the beds.
'The study of this control scheme is the subject of ongoing

research and these results will be presented at a later date.

4.3 Bed Volume Varisfion. Figure 9 shows the effect of
changing the volume of lhe beds. this was done' ex-
perimentally [13] by filling the beds with fractional amounts
of molecular sieve which had been deaciivated with water.
From simulation results, it'was found that only bed volume
and not shape ts of importance for oxygen output. This might
be an important design result, l‘O( it implies that the shapes of
the beds are not critical. This means that the beds couid be
shaped for space considerations in the aircraft.

Another interesting result, is the relative insensitivity of the
beds to volume changes until a critical volume is reached
(around 7$ percent for these beds). This also has important
design implications. It means that sizing the system for in-
creased flow is not just a simple increase in bed size, but a
combination of volume changes and other design parameters.
In particular, the valve areas and discharge coefficients are
important design values.

In addution, these results indicate a potential problem in
operation. If the beds were to become contaminated with
water, which has the effect of decreasing the effective volume
of the beds, there would be no outward indication of per-
formance degradation until a critical volume were reached,
and at that point the beds would rapidly lose performance
with any further contamination.

$ Conclusions

A relatively simple model of a pressure swing oxygen
ggneration system was developed in this study. The com-
ptitenized model includes the zeolite beds, valves, and plenum
breathing chamber in the system. The model predictions
compare favorably with detailed experimental data. Ongoing

P N Y P

work in this area include the prediction of temperature and
contaminant effects and control of output breathing oxygen.
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(4)
s “--.., Loop 1
{’ ps\lp PS“P
O e
AN (:1 l. : T cz '
N[ ] Tovnntl | )|( |

In Loop 1 and Loop 2, use False Position Method to find C, and C, so that these
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values will be consistent with the supply pressure and exhaust pressure at each
time step.

(5) Substitute P(1) and P(2) (calculated in step 4) into the valve eq. can
get w(l), w(2), and w(3)

(6) Since Ui = W / (Ci*Ai*Mi), where Mi is the molecular weight, Ue, ,Up , and
Ugz and Ugz zan be calculated.

(7) Assume velocity is linear along the bed length., By integrating eq. (2),
CA(Z) can be obtained.

(8) Use eq. (3) and eq. (4) to get new values for s, g and /] for each time
step.

(9) T =T + dT.
Get a new valve area and repeat the procedure again.

ITI. Flowchart of the computer program

(1) Sign Convention

F%UP

(2) Flowchart

Please see attached.
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START
\
y——'-rCALL TIMEF .
| 1
: CALL BEDS update time to calculate new njp and n
}e——— 4 CALL INITIAL sets initial values for P(1),P(2), w(l),w(2), i
| w(3),x(1),x(2),x(3), nl and n2 .
G
\
CALL CONCEN solves for w(l), w(2),w(3), P(1),P(2),
UOL ’ UGi ’ UOI ’ and Urz I_
where Uy and Uy are the velocities at the .
end of bed #1. Up and Uy are referred to by
bed #2. -
]
| |
: ' |
‘ ~e————a= CALL CONCA solves for velocitv distribution, U(Z,t), .
; | . and mole fracrion CA(Z,t) of each bed N
|
} .
] ~
; )

e

output
option=47?

, write XA(l), XA(2), and ReGIS plotting
commands to the graphics file '

|
1

on-line ReGIS
plotting for
XBR, and w's




APPENDIX C o

rewind and write the v
graphics file for
off-line plotting

is
output=4 2

no 3

STOP program returns to the MENU and is ready for
\ the next run
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APPENDIX C

The inputs to the orogram are, as in the menu:

SYSTEM PARAMETERS

1. supply pressure = 40.00 PSIA r
2. outlet vressure = 15.00 PSIA
3. final observation time = 30.00 SEC.
4. cycle time = 10.70 SEC. |
5. breathing flowrate = 10.00 STD LIT/MIN )

GEOMETRIC PARAMETERS

6. by-pass valve diameter = 0.0750 1IN. S
7. supply valve diameter = 0.3062 1IN. .
8. outlet valve diameter = 0.4387 1IN. h
9. bed length = 15.50 IN.

10. outer bed diameter - 5.7300 1IN. :
11. inner bed diameter = 2.1800 IN. <
BED PARAMETERS h
12. KA = 0.1530 KGMOLE 02 ABSORBED/KGMOLE GAS :
13. KB = 0.0490 KGMOLE N2 ABSORBED/KGMOLE GAS #
14. B = 2.6500 |
15. diffusion coefficient = 200.00 1/SEC .
16. void fraction = 0.37 K

The user has the following options after he has reviewed the menu:

1. change parameters

2. insert a step change in the breathing flowrate, or |
3. exit the program

First, changing the parameters 1s done by entering the corresponding parameter
number appeared in the menu. The program then prompts, for examnle:

ENTER THE PARAMETER AND PRESS "RETURN"

CURRENT VALUE <

SUPPLY PRESSURE (PSIA) 40.00

Once the new value has been assigned, the program goes back to the menu with
modified parameter(s) and waits for the next input.

If, on the other hand, the user wishes to insert a step change in breathing .
flowrate, he enters the number for that ootion (which is '"59" in this program). ;
The program will ask for the starting and ending time, as well as the value A '
for the step change and again goes back to the menu. "y

oo~

After the completion of modifications on the parameters, the user enters '0"
to run simulation. The program responds with:

\
6 . » . R
e A A AN Sy A AL S SAS LU

DR S
- .-..‘..'..!--.'-’v A

e, f..::-.l o e e
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APPENDIX C

THE FOLLOWING PLOTS ARE AVAILABLE TO YOU ON THE TERMINAL

MOLE FRACTION OF OXYGEN VS.TIME (DATA FILE=MOLEFRAC.DAT)
INLET MASS FLOWRATE VS. TIME (DATA FILE=FLOWRATE .DAT)
OUTLET MASS FLOWRATE VS. TIME (DATA FILE=FLOWRATE DAT)>

A DYNAMIC SIMULATION FOR ONE CYCLE (OXYGEN VS. TIME,
DATA FILE=PROFILE.DAT)

H LN -

PRESS THE CORRESPONDING # TO HAVE THE OUTPUT SHOWN AS THE
SIMULLATION TRANSPIRES

Fhe e chooses the desired output. and the program gives the following:

1 ENTER '@" TO RUN SIMULATION.
2 ENTER "19" TO CHANGE THE PARAMETERS
3 ENTER ''S9' TO EXIT PROGRAM.

tRIER THIZ CORRESPONDING # AND PRESS '"RETURN'
atrbwis Tor the decistion from the user. That s, it s sull possible for
tive user to 2o back to the menu before he runs the simulation.

Feodiv o the programy asks for a Last item:

0 Y0U WISH 10 DOUBLE THE NUMBER OF SPACE LUMPS IN
"k CIMULATION FOR BETTER ACCURACY 7 ( CURRENT NUMBER USED
LSOhe D (YN

f s due tothe factihat when using one hundred lumps the
v ationos time consunimy for the low breathing flowrate cases
P oetault s thas set to be SO tor faster simudation

-

LRC 4

R TAR I

-
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b

TURKENT SYSTEM PARAMETERS ARE:

I SUPPLY PRESSURE= 40.0¢ PSIA N
OUTLET PRESSURE= 15.00 PSIA 5:
FINAL OBSERVATION TIME=  30.00 SEC N

. CYCLE TIME= 10.70 SEC i
BPEATHING FLOWRATE= 10.00 STD LIT/MIN
‘ URRENT GEOMETRIC PARAMETERS ARE:
8Y-’PASS VALVE DIAMETER = ©.0750 IN
SUPPLY VALVE DIAMETER = ©.3062 IN
4 OUTLET VALVE DIAMETER = ©.4387 IN
3 BED LENGTH = 15.5000 IN
1+ OUTER BED DIAMETER = 5.7300 IN
11 INNER BED DIAMETER = 2.1800 1IN
THE CURRENT BED PARAMETERS ARE:

1 KA - ©.1530 KGMOLES @2 ABSORBED/KGMOLE GAS

1: KB = ©.0490 KGMOLES N2 ABSORBED/KGMOLE GAS

14 B = 2.6500

15 DIFFUSION COEFFICIENT = 200.80 1/SEC

16 VOID FRACTION = 0.370

ENTER CORRESPONDING PARAMETER # TO CHANGE PARAMETER

ENTER "3'" TO SIGNIFY PARAMETERS ARE CORRECT--RUN SIMULATION
ENTER 53" TO INSERT A STEP CHANGE IN BREATHING FLOWRATE
ENTER 39" TO EXIT PROGRAM

1

¢

RRRRSERSRE2022293230222332009202092¢2309232983¢32¢8%23

'y
/)

Nl THE PARAMETER AND PRESS "RETURN'

e

CURRENT VALUE

PRESSURE (PSIAD 40 .0000

W4T VAN

N

”,‘{ ‘u".f .c' .O'

-
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N
APPENDIX C o
I "'
‘ (URRENT SYSTEM PARAMETERS ARE b
| ] SUPPLY PRESSURE= 30.00 PSIA he
JUTLET PRESSURE= 15.00 PSIA o
- “INAL OBSERVATION TIME= 30.00 SEC N
T CYCLE TIME= 10.70 SEC et

BREATHING FLOWRATE= 10.80 STD LIT/MIN

“ URRENT GEOMETRIC PARAMETERS ARE:
. BY-PASS VALVE DIAMETER = © 0750 IN

SUPPLY VALVE DIAMETER = @ 3062 IN %
OUTLET VALVE DIAMETER = @ 4387 IN 4
36D LENGTH = 15 5000 IN

1 OUTER BED DIAMETER = 57300 IN -

1© INNGR BED DIAMETER = 2.1800 IN v

1HE CURRENY BED PARAMETERS ARE:

1. KA = ©.1530 KGMOLES @2 ABSORBED/KGMOLE GAS ¢
|« KR = ©.0490 KGMOLES N2 ABSORBED/KGMOLE GAS 49
14 B = 2.6500 o
1" DIFFUSION COEFFICIENT = 200.00 1/SEC .
1¢. JOID FRACTION = 0.370 .
ETER CORRESPONDING PARAMETER # TO CHANGE PARAMETER o
ETER 9" TO SIGNIFY PARAMETERS ARE CORRECT--RUN SIMULATION p

ERTER %59 TO INSERT A STEP CHANGE IN BREATHING FLOWRATE
ENTER ''39" TO EXIT PROGRAM

v
59 d
1 EAKRE S OO0 OO KKK KRR KRR KKK XK KRR KKK "
’

FNIER THE TIME AT WHICH THE STEP CHANGE &
If: BREATHING FLOWRATE IS TO OCCUR ‘k
P

it FINAL OBSERVATION TIME IS CURRENTLY 30.00 SECONDS

N
~J

'-

1o .
<,

\

o~

Fr RS O K OO0 Rk K N
’ 3

12 1.1 TIME AT WHICH THE STEP CHANGE

i BRLGIYING FLOWRATE IS TO END .
‘T, OBSERVATION TIME IS CURRENTLY  30.00 SECONDS .

~

KY

Y

:I

)

\

A9

“»

29 ~~

‘:‘
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IEEPIT 3339303333022 028900203233003003 082 dvtdeetsesy

ZHTER THE NEW BREATHING FLOWRATE OCCURING AS
A STEP CHANGE FROM T= 10.00 TO T= 20.00 SECONDS

THE CURRENT BREATHING FLOWRATE IS 10.6@0 STD LIT/MIN

3

RESETSRSSIF 0392303833303 900020900¢0300032230% 0

IHEE BREATHING FLOWRATE OF 30.00 STD LIT/MIN
LILL BE INPUT RS A STEP AT T= 10.88 SECONDS
JHD WILL END AT T=  20.00 SECONDS

(B2 38200338 ¢¢ ¢4
(1JRRENT SYSTEM PARAMETERS ARE:
1 SUPPLY PRESSURE= 30.00 PSIA
7 OUTLET PRESSURE= 15.90 PSIA
" INAL OBSERVATION TIME= 30.00 SEC
I TvYCLE TIME= 10.70 SEC
BWERTHING FLOWRATE= 10.00 STD LIT/MIN

( URRENT GEOMETRIC PARAMETERS ARE:

& BY-PASS VALVE DIAMETER = 0.8750 IN
7 SUPPLY VALVE DIAMETER = ©.3062 IN
8 OUTLET VALVE DIAMETER = ©.4387 IN
9 BED LENGTH = 15.5020 IN
» OUTER BED DIAMETER = 5.7300 1IN
1 INNER BED DIAMETER = 2.1808 1IN

“Ht. CURRENT BED PARAMETERS ARE:

2 KA = 9.1530 KGMOLES @02 ABSORBED/KGMOLE GAS
i KR = ©.0490 KGMOLES N2 ABSORBED/KGMOLE GAS
R U 2.6500

DIFFULION COEFFICIENT = 200.00 1/SEC

T ID FRACTION = @.370

i = COFYESPONDING PARAMETER # TO CHANGE PARAMETER

I "0 T SIGNIFY PARAMETERS ARE CORRECT--RUN SIMULATION
s 59t 7O INSERT A STEP CHANGE IN BREATHING FLOWRATE
Loy 7D EXIT PROGRAM

A
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’
APPENDIX C A
o
THE FOLLOWING PLOTS ARE AVAILABLE TO YOU ON THE TERMINAL hy
K
| MOLE FRACTION OF OXYGEN VS .TIME (DATA FILE=MOLEFRAC.DAT) 4
2 INLET MASS FLOWRATE VS. TIME (DATA FILE=FLOWRATE.DAT) X
3 OUTLET MASS FLOWRATE VS. TIME (DATA FILE=FLOWRATE.DAT)
4 A DYNAMIC SIMULATION FOR ONE CYCLE (OXYGEN VS. TIME, .
DATA FILE=PROFILE DAT) N
Pe
~
PRESS THE CORRESPONDING # TO HAVE THE OUTPUT SHOWN AS THE ]
SIMULATION TRANSPIRES ‘
'
W
,
o
v
1
,
"
3
1 ENTER “'@" TO RUN SIMULATION.
2 ENTER “19' TO CHANGE THE PARAMETERS ¢
3 ENTER 99" TO EXIT PROGRAM. ‘s
"
.
e
SNTER THE CORRESPONDING # AND PRESS 'RETURN' -
o
4y
Z
.I
o !
;ﬁ
NO YOU WISH TO DOUBLE THE NUMBER OF SPACE LUMPS IN y
{HE SIMULATION FOR BETTER ACCURACY ? ¢ CURRENT NUMBER USED :
[~ 53 ) (Y /ND Pl
‘
.-I
_-’
‘o
S g
:a
N
[
3
73
=
A
=
31 f ‘
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SAMPLE QUTPUTS ‘
1
)

# OXYGEN MOLE FRACTION » '

1.0

-y N~

—~CO—HCO

O O O O O
o
e
s

_3<J .
P )
Y. 29

s L
D) - - y v v ’ ' - v -
7.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0

TIME (SEC.) *
PLEASE PRESS "C" TO CONTINUE : .

(o]
[
——

t)

oy e

32
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A INLET MASS TLawPATE x

PSUP = 40.00 PSIA
POUT = 15.00 PSIA
WBRL = 10.00 STD LIT/MIN

4 NN

2.0

1.0

6.0 9.0 12.0 15.0 18.0 21.0 24.0 27.0 30.0
TIME (SEC.)

PLEASE PRESS "C™ TO CONTINUE :
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.06
.05
.04
.03
.02
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.01
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AMP P

» QUTLET MASS FLOWRATE (KG/SEC)

PSUP = 40,00 PSIA

POUT = 15,00 PSIA

WBRL = 10. 00 STD LIT/MIN
]

]

1

4

'

(N AN AN AN ANV AN

v

20 3.0 6.0 9.0 12.0 15.0 18.0 21.0 24.0 27.0 30.0
TIME (SEC.)

PLEASE PRESS "C" TO CONTINUE :

AP AR

PN NN AT PO N AP SBT3 W N N ,mm
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